An ellipsoidally shaped body, or more commonly, an ellipsoid of revolution, is generally assumed to serve as a convenient model for evaluating the rotational diffusion properties of macromolecules. If Perrin's equations for the rotational diffusion coefficients of general ellipsoids can be shown to generate all possible rotational diffusion coefficients, then there would exist at least one equivalent ellipsoidal shape for ever arbitrarily shaped rigid body. We investigated the problem by first generating a space, r-space, representing all possible ellipsoidal sha es. We then generated another space, D-space, representing all possible combinations of rotational diffusion coefficients. We then mapped r-space into D-space by using Perrin's equations. Ellipsoidal shapes map into diffusion space in a well-defined manner. The 
r-Space Without loss of generality, we can designate the semiaxes of a general ellipsoid such that al > a2 > a3. For the purposes of this analysis, ellipsoid shape is important, not size. Because multiplying a combination of semiaxes by any real number does not alter ellipsoid shape, the range of ellipsoidal shapes can be represented by two independent asymmetry parameters: ri = (a2 -a3)/(al -a3); r2 = a /a3.
measures the elongation between major and minor axes, indicating departure from a sphere, where r2 = 1. Whereas r1 is bounded between 0 and 1, r2 > 1 but unbounded. For every distinctly shaped ellipsoid there is a unique point in r-space, except for spheres, which correspond to a line with r2 = 1. Conversely, except for spherical shapes on the line r2 = 1, every point in r-space represents a distinctly shaped ellipsoid.
D-Space
In similar fashion, let us label the principal values of the rotational diffusion tensor such that D1 > D2 > D3. The rotational diffusion tensor can be regarded as belonging to a prolate-like body for D1 > D2 = D3, to an oblate-like body for D1 = D2> D3, and to a spherical body for D1 = D2= D3. For the purposes of this analysis, the absolute magnitudes of the rotational diffusion coefficients are not important, only their relative magnitudes. Multiplying the rotational diffusion coefficients by any real number does not change their relative magnitudes and, therefore, is trivial. Thus, the relation between the three rotational diffusion coefficients can be represented in diffusion space by two asymmetry parameters X and Y in which X = (D2 -D3)/(D1 -D3); Y = D1/D3.
[2]
The collective space of all such X,Y points is referred to as Dspace. Because [7] in which k is Boltzmann's constant and T the absolute temperature. As shown below, the order of the principal values of the rotational diffusion tensor represented by Perrin's equations may be different from the order of the semiaxes of the ellipsoid;
i.e., Di 5-D(ai).
Mapping r-space into D-space We mapped r-space into D-space by using Perrin's expressions.
Prolate ellipsoids, represented along the line rl = 0, mapped on the line X = 0; oblate ellipsoids along the line r1 = 1 mapped on the line X = 1; and spheres represented by the line r2 = 1 mapped on the line Y = 1.
Other lines generated in r-space by a computer calculation were mapped into D-space. Fig. 1B , seven curves are plotted from r2 = 2.46 to the limit r2 -co. The first point of each curve (which is not depicted) generated by rl = 0, occurs at X = 0. For each curve, as rI increases, the corresponding Y value decreases. At first, as r, increases from 0, the X value also increases from 0.
However, for further increases of ri, the trend reverses and X decreases, each curve returning to X = 0. As r, increases still further to approach 1, X increases to 1. The curves continue to be ordered, but approach a boundary such that a well-defined region of D-space is not filled by ellipsoids of any shape. The limit curve when r2 -co is derived in the Appendix and is shown to depend only on ai and a2 by the relations:
'Y = P2/pl [9] where P1 and P2 are given in Eq. 4 (Fig. 3 ) map onto the intersection point c in Dspace (Fig. 2) . Another important curve in Fig. 2 to a point on curve P2 of Fig. 3 with r2 > 2.46 behaves like another prolate ellipsoid corresponding to a point on line p1 of Fig.  3 with r2 < 2.46 such that D2 = D3 and D3 < D1 < 2.2D3. Table  1 lists some ellipsoids that are not prolate, but that have two degenerate rotational diffusion coefficients such that they behave in a prolate-like manner. They correspond to points along curve P2 from the first ellipsoid that is prolate (Y = 2.2) to the infinitely thin disk (Y = 1). In order to give insight into the actual shapes, the three semiaxes are given in addition to r, and r2.
Ellipsoidal insufficiency: Other models Combinations of rotational diffusion coefficients that map in region IV cannot be attributed to general ellipsoids. Although methodologies exist for evaluating the frictional resistance tensor and determining the rotational diffusion coefficients of more general shapes, their use has thus far been restricted to cases of cylindrical symmetry (5, 6) . Distinctive cases with differences from ellipsoids have not been reported. Therefore, we present several such definitive cases which establish the fact that model shapes with nonellipsoidal diffusion properties, indeed, do exist. In addition, these cases suggest some behavioral trends. The dashed curve in Fig. 2 is generated by a long rigid rod bent at its center; it is an example of a rigid body whose rotational diffusion coefficients cannot always be represented by an equivalent ellipsoid. The body was evaluated by considering two equal prolate ellipsoids of axial ratio 10:1 joined at their ends (unpublished data). No correction was made for hydrodynamic interactions between the two ellipsoids. Positions along the curve correspond to various bending angles 13. At : = 0, the rod is not bent and may be represented by a prolate ellipsoid as X = 0. As : increases, the degree of bending increases. Initially, the rotational diffusion coefficients of the bent rod lie in region I and may be represented by a general ellipsoid. At: = 1100, the rod enters region IV, where it cannot be so represented. At 1 = 1250, the asymmetry parameter reaches X = 1 and then decreases as the bending angle is increased further. At1 = 140°, region I is reentered and the body can be represented by a general ellipsoid. At: = 1800, the rod is completely bent back upon itself and can again be represented as a prolate ellipsoid. The F(ab)2 fragment of immunoglobulin is a biologically important macromolecule of this type.
Two related cases also illustrate behavior that cannot be attributed to general ellipsoids. These cases have relevance for macromolecular assemblies. First, consider n equal spheres each with translational frictional resistance coefficient f placed at the center and the vertices of a planar regular polygon of n -1 sides. Connections between the spheres are assumed to be rigid and without frictional resistance. The spheres are far enough apart that hydrodynamic interaction effects can be neglected.
The spheres are small enough compared to the distance R (= R I ) from the center of the polygon so that frictional resistance to rotations about the center of the polygon involves only lever arm terms, such as components of the dyadic fRR, and neglects the rotational contribution for rotations of a sphere about its own center. The frictional resistance of the polygonal figure to rotations about the normal to the plane is one-half that for rotations about any axis in the plane, as determined by construction from methods of Happel and Brenner (7) . This is true for any n > 3 (triangles, squares, etc.). Denoting D3 as the diffusion coefficient for rotation about the normal, D1 = D2 = 2D3; which leads to X = 1, Y = 2 and plots in region IV of D- space.
In the last example, all n spheres are simply replaced by identical prolate ellipsoids with the long symmetry axes normal to the plane. The semiaxes are small compared to R. In the limit of infinite axial ratio, the translational frictional resistance for motion in the direction of the semimajor axis of a prolate ellipsoid is one-half that for sideways motion. In this limit D1 = D2= 4D3, which leads to X = 1, Y = 4. Although it might be difficult for macromolecular assemblies of subunits to fulfill these structural conditions, it seems reasonable that macromolecular assemblies with perpendicular symmetry axes may exist where X = 1 and Y > 1.26. If the prolate symmetry axes are tilted, or the subunits are not identical, etc., results other than those with X = 1 would be generated.
There may-be other physical reasons why bodies cannot be represented by ellipsoids in diffusion space. Rigid bodies with intrinsic coupling between rotational and translational motion studied by Brenner (8, 9) (r-2) are (11) L/4-r = (r2-)(1 -e2)1/2(K -E)e2 
